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ABSTRACT 
 
Sulfur mustard (SM (bis-(2-chloroethyl) sulfide)), a vesicant, is a chemical warfare as well as a 
potential terrorism agent.  SM-induced skin blistering is believed to be due to epidermal-dermal 
detachment as a result of epidermal basal cell death via apoptosis and/or necrosis.  Regarding the 
role of apoptosis in SM pathology in animal skin, the results obtained in several laboratories, 
including ours, suggest the following: (a) cell death due to SM begins via apoptosis that proceeds 
to necrosis via an apoptotic-necrotic continuum and (b) inhibiting apoptosis decreases SM-
induced microvesication in vivo.  To study the mechanisms of SM-induced apoptosis and its 
prevention in vitro, we have established a convenient fluorometric apoptosis assay using 
monolayer human epidermal keratinocytes (HEK) adaptable for multi-well plates (24-, 96-, or 
384-well) and high throughput applications.  This assay allows replication and multiple types of 
experimental manipulation in sister cultures so that the apoptotic mechanisms and the effects of 
test compounds can be compared statistically.  SM affects diverse cellular mechanisms, 
including endoplasmic reticulum (ER) Ca2+ homeostasis, mitochondrial functions, energy 
metabolism, and death receptors, each of which can independently trigger apoptosis.  However, 
the biochemical pathway in any of these apoptotic mechanisms is characterized by a pathway 
specific sequence of caspases, among which caspase-3 is a key member.  Therefore, we exposed 
80-90% confluent HEK cultures to SM and monitored apoptosis by measuring the fluorescence 
generated due to hydrolysis of a fluorogenic caspase-3 substrate (acetyl- or benzyl oxycarbonyl-
Asp-Glu-Val-Asp-fluorochrome, also designated as AC-or Z-DEVD- fluorochrome) added to the 
assay medium.  Fluorescence was measured using a plate reader.  We used two types of 
substrates, one (Sigma-Aldrich, CASP-3-F) required cell disruption and the other (Beckman-
Coulter CellProbeTM HT Caspase-3/7 Whole Cell Assay Kit) was cell permeable.  The latter 
substrate was useful in experiments such as determining the time-course of apoptosis 
immediately following SM exposure without disruption, e.g., due to cell processing.  In SM-
exposed HEK, fluorescence generated from the fluorogenic caspase-3 substrate hydrolysis 
increased in a time (0 – 24 hr) and concentration (0.05, 0.1, 0.15, 0.2, 0.3, 0.5 mM) dependent 
manner.  SM caused maximum fluorescence at about 0.5 mM.  However, at 2 mM SM, 
fluorescence decreased compared with 0.5 mM, which remains to be explained.  Following 0.3 
mM SM exposure, which is considered to be the in vitro equivalent of a vesicating dose in vivo, a 
small fluorescence increase was observed at 6 to 8 hr, which was markedly higher at 12 hr.  At 
24 hr, all SM concentrations increased fluorescence.  Fluorescence increase due to SM was 
prevented 100% by a caspase-3 specific peptide inhibitor (AC-DEVD-CHO), but less effectively 
by a general caspase inhibitor (Z-VAD-FMK), indicating that the fluorescence increase was due 
to caspase-3-mediated apoptosis.  These results suggest potential applications of this method to 
study apoptosis mechanisms and possibly those involving other caspase substrates. 
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INTRODUCTION 
 
     The term apoptosis is used to describe cell death via modulation of a defined set of 
biochemical parameters in a cascade of events leading to apoptotic morphological expressions.  
The major morphological features are cellular shrinkage, nuclear and cytoplasmic condensation, 
and cellular disintegration followed by prolific budding to produce apoptotic bodies that are 
characterized by membrane-bound chromatin fragments. [1,2]  Apoptosis contributes to the 
mechanisms of removal of unwanted cells in normal physiological processes, e.g., during organ 
development, sloughing off of the endometrium in early menstruation period, immune response, 
etc.  Apoptosis also is the mechanism of cell death responsible for pathological conditions such 
as cancer, Alzheimer’s disease, ischemic cardiac damage, oxidative stress, autoimmune 
syndromes,[3] or chemical toxicity, e.g., due to the highly reactive alkylating compound sulfur 
mustard (SM).[4]  SM reacts with multiple targets in the cell and, therefore, causes toxicity via 
different mechanisms such as DNA damage, disturbance in intracellular calcium homeostasis, 
abnormal cellular energy metabolism to include oxidative stress, and up-regulation of death 
receptors (Fas) and Fas-ligand.[5]  Any of these mechanisms may independently contribute to 
apoptosis by initially activating a pathway that is characteristic of the mechanism involved, but 
later converging to a common pathway culminating into the final apoptotic manifestations.  
There are reports showing that in cultured human epidermal keratinocytes (HEK), SM induces 
apoptosis via at least two separate mechanisms: (a) an intrinsic mechanism involving 
mitochondria, Ca2+-calmodulin (Ca2+-CaM), and caspase-3/poly (ADP-ribose) polymerase 
(PARP), and (b) an extrinsic mechanism involving Fas (death) receptors and Fas ligand 
(FasL).[4,6]  These reports also show that inhibiting the Ca2+-CaM or the Fas response attenuates 
the biochemical markers of apoptosis and pathology due to SM.  However, it is possible that 
other mechanisms, e.g., involving (a) endoplasmic reticulum (ER) Ca2+ and (b) abnormal energy 
metabolism, may also contribute to SM-induced apoptosis.  Our goal is to understand thoroughly 
the mechanisms of apoptosis due to SM via each of the pathways discussed above, and to utilize 
the knowledge in developing medical countermeasures against SM toxicity and pathology. 
 
     In apoptosis, a consistent feature is the induction of a series of cytosolic proteases, which 
specifically cleave their substrates and lead to apoptotic morphology. [7-10]  These proteases are 
designated as caspases because they are cysteine proteases and cleave their substrates after 
aspartic acid residues (cysteine aspartase).  Caspases remain dormant in the cell, but when 
activated by an apoptotic stimulus, they act by proteolytic processing, thus modulating the 
function of their substrates.  The substrate can be the activated caspase itself (autocatalysis) or 
another caspase.  This way, caspases function not only as proteases, but also as specific signaling 
molecules in apoptosis.  Different types of caspases initiate different apoptotic pathways.  
However, caspase-3, also called apopain, or CPP32, has been shown to be a key mediator of the 
final biochemical and morphological steps in apoptosis.[8]  In apoptosis, the roles of different 
caspases have been shown to be pathway-specific as well as sequential in the steps involved in 
the pathway.[5]  Therefore, it seems possible to understand the mechanisms of apoptosis, e.g., due 
to SM, by studying the caspases involved.  At present, this approach is facilitated by the 
availability of (a) some fluorogenic peptide substrates, which are specific for different caspases, 
and (b) some peptide caspase inhibitors, specific for different caspases.  It should be noted that 
besides being useful to study apoptotic mechanisms, these inhibitors might also serve as 
prospective anti-apoptotic medical countermeasures.  In this report, we demonstrate the 
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usefulness of a convenient fluorometric caspase-3 assay to study SM-induced apoptosis in 
monolayer human epidermal keratinocytes (HEK) grown in multi-well plates. 
 
 

MATERIALS AND METHODS 
 

Chemicals and Cells 
 
     SM (> 98% pure) was obtained from the US Army Research, Development and Engineering 
Command, Aberdeen Proving Ground, MD, USA.  Frozen stock normal human epidermal 
keratinocyte (HEK) culture and keratinocyte growth medium (KGM) were from CAMBREX, 
Walkersville, MD.  The caspase-3 assay kits containing fluorogenic caspase-3 substrates were 
obtained from two separate sources.  One substrate required cell lysis and was purchased from 
Sigma-Aldrich, Saint Louis, MO (Product code: CASP-3-F).  The other cell permeable substrate 
did not require cell lysis and was procured from Beckman-Coulter, Fullerton, CA (Product code: 
Beckman-Coulter CellProbeTM HT Caspase-3/7 Whole Cell Assay Kit).  All other chemicals 
were of the purest grade available. 
 
 

Cell Culture 
 
     Frozen stock HEK (passage 2) were cultured in 150 cm2 tissue culture flasks in KGM 
according to company instructions to initiate the culture. When these monolayer cells became 
70-80% confluent they were sub-cultured to 80-90% confluency in multi-well plates (96- or 24-
well) and used in the experiments.  To maintain consistency, HEK from a single donor and sub-
cultured only to passage 3 were used. 
 
 

Exposure of HEK to SM 
 
     Frozen stock[11] of SM in KGM was thawed and vortexed to obtain a 4 mM solution.  
Exposure of HEK to SM was done as described previously. [12]  The stock 4 mM SM solution 
was diluted in multi-well plates containing monolayer HEK in KGM for specified concentrations 
and kept for times as indicated. 
 

Caspase-3 Assay 
 
     The caspase-3 fluorometric assays were done according to the instructions provided with the 
assay kits, but with necessary modifications required for developing the method described here.  
This enzyme assay was based on the hydrolysis of the caspase-3 peptide substrate (acetyl-Asp-
Glu-Val-Asp or AC-DEVD) conjugated to a fluorochrome at the C-terminal Asp, resulting in the 
release of the fluorescent moiety.  The fluorescence (absolute units) was measured using the 
CytoFluorR Multi-Well Plate Reader Series 4000 spectrofluorometer from PerSeptive 
Biosystems, Framingham, MA. 
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     Caspases are present in the cytosol.  In the assay kit from Sigma-Aldrich, the substrate AC-
DEVD-AMC (7-amido-4-methylcoumarin) is not cell permeable and, therefore, the use of this 
substrate requires cell lysis.  Cell lysis was accomplished by sonication of monolayer cultures in 
1x lysis buffer added to the wells of the culture plate as described by Gross et al.[13]  We used the 
Misonix SonicatorR 3000 purchased from Misononix, Farmingdale, NY.  The sonicator was 
equipped with a microplate horn housed inside an acoustic enclosure.  During sonication, the 
microplate horn was chilled by circulating water at 0-20 C using a temperature controlled water 
circulator from Thermo Neslab, Portsmouth, NH.  To avoid any contamination of cultures by 
cooling water, the microplate containing monolayer cultures in lysis buffer was tightly sealed 
using an adhesive plastic sheet.  Sonication of cells was done for 30-second intervals at the 
highest power setting on the sonicator dial followed by a 60-second cooling period; the 
sonication/cooling cycles were repeated four times.  At the end, cell disruption was confirmed by 
light microscopic observation. 
 
     The substrate in the Beckman-Coulter proprietary caspase-3/7 assay kit is cell permeable and, 
therefore, no cell lysis was required.  This assay is based on the cleavage of the non-fluorescent 
bisamide substrate Z-DEVD-R110 (bis-(N-CBZ-L-aspartyl-L-glutamyl-L-Valyl-L-aspartic acid 
amide derivative of rhodamine 110). 
 
     It should be noted that the use of the Sigma-Aldrich substrate would require a cell processing 
(lysis) time at the end of each time interval following cell exposure to an apoptosis-inducing 
agent such as SM.  On the contrary, the Beckman-Coulter substrate could be added along with 
the apoptosis inducer, and the time-course of caspase-3/7 activation could be monitored 
beginning immediately after SM addition and continuing without interruption. 
 
     All assays were done using monolayer cells grown in 96-well plates.  Exposure of cells to 
different dilute SM concentrations was done according to approved procedures, which included 
exposing cells to SM at room temperature inside a total exhaust chemical/biological hood and 
then keeping the exposed cells inside this hood for at least 1 hr for venting of volatile gases. 
 
     In assays using the Beckman-Coulter substrate, cells were exposed to SM in a total volume of 
100 µL, which also contained 20 µL substrate solution added just prior to SM.  Cells were 
incubated for specified times and fluorescence was read at excitation and emission wavelengths 
of 485 nm and 530 nm, respectively. 
 
     In assays using the Sigma-Aldrich substrate, cells were exposed to desired SM 
concentrations, with appropriate controls, in fresh KGM in a total volume of 80 µL.  SM-
exposed cells were then incubated inside a cell culture incubator overnight for 18-24 hr.  
Following this incubation, 20 µl of 5x lysis buffer was added to each well, and the cells were 
disrupted by sonication as described above.  The substrate was then added to a total volume of 
150 µL, and fluorescence was read at increasing times at excitation and emission wavelengths of 
360 nm and 460 nm, respectively. 
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Inhibitor Study 

 
     The effects of caspase inhibitors on SM-induced caspase-3 activation were studied by using 
the Beckman-Coulter substrate to avoid any possible effect of cell sonication on caspase-3 
activity.  Cells were first incubated with the inhibitors in KGM at 370C inside a cell culture 
incubator for 30 min prior to SM addition.  These SM-exposed cells were further incubated 
inside a cell culture incubator overnight, the caspase-3 substrate was added and fluorescence was 
monitored at specified times after substrate addition. 
   
 

Data analysis. 
 
     The results of assays performed in replicates of eight were averaged and expressed as the 
mean + standard error of the mean (SEM).  For each assay type, the differences between 
treatment groups at each time point were determined using a one way Analysis of Variance 
(ANOVA) followed by post hoc comparison of treatment group means using the Tukey’s test.  In 
addition, for each assay type, the differences between observation time points within each 
treatment group were compared using a mixed model ANOVA with time as a fixed factor and 
wells as a random factor followed by post hoc comparison of observation time means using the 
Tukey’s test. Statistical significance was defined as p < 0.05. 
 
 

RESULTS AND DISCUSSION 
 
     Experiments were designed to study the caspase-3 activation (apoptosis) due to SM in 
monolayer HEK cultures grown in multi-well plates, using the fluorogenic caspase-3 substrates 
AC-DEVD-AMC or Z-DEVD-R110 described above.  The time-course of enzyme activation, 
the effects of caspase inhibitors, and the SM concentration dependence are shown in figures 1, 2 
and 3, respectively. 
 
     The data shown in figure 1 were generated in an experiment in which replicate HEK cultures 
were exposed to increasing concentrations of SM (0.05 to 0.3 mM) in KGM and the caspase-3 
substrate Z-DEVD-R110 (Beckman-Coulter) had been added to the cells just prior to SM.  
Fluorescence increase following SM exposure was monitored at specified times throughout the 
day until 12 hours and at 24 hours next morning.  The results are shown as percent fluorescence 
relative to SM-unexposed controls.  In SM-exposed HEK, fluorescence generated from the 
fluorogenic caspase-3 substrate hydrolysis increased in a time (0 - 24 hr) and concentration 
(0.05, 0.1, 0.15, 0.2, 0.3, mM) dependent manner.  Following 0.3 mM SM exposure, which is 
considered to be the in vitro equivalent of a vesicating dose in vivo, a very small but statistically 
significant increase in fluorescence was observed at 6 to 8 hr, which was markedly higher at 12 
hr.  At 24 hr, all SM concentrations increased fluorescence.  These results are in agreement with 
those reported by Rosenthal et al. on the concentration and time dependence of SM-induced 
caspase-3 processing (conversion of inactive 32 KDa procaspase-3 to active 17 KDa caspase-3) 
and activation as well as other apoptosis indicators in HEK studied by the Western blotting 
method.[4]  The time-course and concentration dependence of SM-induced caspase-3 activation 
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in HEK observed by our fluorometric method, therefore, appear to be valid indicators of 
apoptosis.  These results also show that in 0.3 mM SM-exposed HEK, an overnight incubation is 
needed using this method to see a high level of caspase-3 activity. 
 
     The effects of some peptide caspase inhibitors on 0.3 mM SM-induced hydrolysis of the 
caspase-3 substrate AC-DEVD-R110 (Beckman-Coulter) in HEK are shown in Fig. 2.  In these 
experiments, as described in Methods, the cells in KGM were first incubated inside a cell culture 
incubator without or with the caspase-3 specific inhibitor AC-DEVD-CHO (acetyl-Asp-Glu-Val-
Asp-aldehyde, 0.1 mM) or the general caspase inhibitor Z-VAD-FMK (benzyl oxycarbonyl-Val-
Ala-Asp-fluoromethylketone, 0.01 mM) for 30 minutes prior to 0.3 mM SM exposure.  The cells 
were then incubated overnight and caspase-3 assays were conducted.  The results (Fig. 2) are 
shown as absolute fluorescence units + SEM.  SM-unexposed control cells incubated in KGM 
overnight had some caspase-3 activity indicating spontaneous apoptosis in HEK cultures without 
stimulation.   Fluorescence increase due to 0.3 mM SM was prevented 100% by the caspase-3 
specific peptide inhibitor (AC-DEVD-CHO), but less effectively by the general caspase inhibitor 
(Z-VAD-FMK) indicating that the fluorescence increase was due to caspase-3-mediated 
apoptosis. 
  
     We also examined the SM concentration dependence of caspase-3 activation at concentrations 
higher than 0.3 mM using 0.5, 1 and 2 mM.  In these experiments, cells were exposed to 
different SM concentrations in KGM according to approved procedures and then incubated 
overnight inside a cell culture incubator for 18 hours.  The cells were lysed in lysis buffer by 
sonication as described under Methods, and then the caspase-3 substrate AC-DEVD-AMC 
(Sigma-Aldrich) was added to cultures to monitor the kinetics of substrate hydrolysis between 0 
to 8 hours.  The results (Fig. 3) presented as percent fluorescence relative to SM-unexposed 
controls showed that when caspase-3 was almost fully activated during overnight incubation of 
HEK cultures following exposure to specified SM concentrations, there was a time-dependent 
increase in substrate hydrolysis that reached a plateau at around 4 hours.  Fluorogenic substrate 
hydrolysis due to caspase-3 activity increased progressively, being maximum at 0.5 mM.  The 
extent and the kinetics of substrate hydrolysis at 1 mM SM were almost identical with those at 
0.5 mM SM, and in some experiments, 1 mM SM produced values slightly lower than those at 
0.5 mM SM as shown in Fig. 3.  However, at 2 mM SM, fluorescence decreased compared with 
0.5 mM, which remains to be explained.  One possible reason could be that at a SM 
concentration as high as 2 mM, the cells were metabolically compromised. 
      
     The results presented in this report support the following conclusions.  The fluorometric 
method described here to study chemically induced apoptosis using fluorogenic caspase-3 
substrates and monolayer cell cultures in multi-well plates is convenient, adaptable for high 
throughput applications, if needed, and suitable for evaluations of test compounds as inhibitors 
of apoptosis.  This assay clearly demonstrates apoptosis, as indicated by caspase-3 activation, in 
cultured HEK due to SM in a SM concentration- and time-dependent manner.  Since apoptosis is 
believed to be an important process in many cases of chemical toxicity, e.g., due to SM, and a 
number of diseases including cancer, this method provides a valuable means to conduct research 
on the role of apoptosis in respective situations and drug development.  These results also 
suggest potential applications of this method to study the roles in apoptosis of caspases other 
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than caspase-3 provided (a) suitable fluorogenic substrates are available and (b) the subject 
caspases are stimulated enough to generate measurable fluorescent signals. 
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Figure1. Time-course of caspase-3 activation in HEK following exposure to increasing SM 
concentrations.  Monolayer HEK cultures in a 96-well plate were exposed to different SM 
concentrations with the cell permeable caspase-3 substrate Z-DEVD-R110 added just prior to 
SM.  SM exposures were done inside a total exhaust chemical/biological hood at room 
temperature according to approved procedures.  After one hour inside the hood, the cells 
were transferred to a 370C cell culture incubator.  Fluorescence generated due to substrate 
hydrolysis was measured at specified times shown in the figure using a plate 
reader/spectrofluorometer as described under Methods.  Percent fluorescence values in 
experimental samples compared with SM-unexposed controls as 100% are mean + SEM of 
eight replicate determinations at each SM concentration.  The absence of SEM bars means 
that the values are too small to be visible. Statistical significance was defined as p < 0.05 vs. 
SM-unexposed control group as described under Methods. 



 11

0 2 4 6 8
0

200

400

600

800

1000

1200

1400

KGM + Substrate Blank KGM 0.3 mM SM

0.3 mM SM + Ac-DEVD-CHO 0.3 mM SM + Z-VAD-FMK

Hours After Substrate Addition

Fl
uo

re
sc

en
ce

 U
ni

ts
+ 

SE
M

 
Figure 2.  Effects of peptide caspase-3 inhibitors on 0.3 mM SM-induced caspase-3 
activation.  HEK cultures in KGM were first incubated inside a cell culture incubator without 
or with the caspase-3 specific inhibitor AC-DEVD-CHO (0.1 mM) or the general caspase 
inhibitor Z-VAD-FMK (0.01 mM) for 30 min prior to 0.3 mM SM exposure inside a total 
exhaust chemical/biological hood at room temperature according to approved procedures.  
SM-exposed cells were then incubated overnight, and caspase-3 assays were conducted by 
adding the cell permeable caspase-3 substrate Z-DEVD-R110 to cultures as shown.  
Fluorescence was measured at specified times after substrate addition.  The results shown as 
absolute fluorescence units are mean + SEM of eight replicate determinations.  The absence 
of SEM bars means that the values are too small to be visible.  Statistical significance was 
defined as p < 0.05 vs. corresponding control values obtained in experiments without 
substrate.    
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Figure 3.  SM concentration dependence of caspase-3 activation in HEK.  Monolayer HEK 
cultures in a 96-well plate were exposed to different SM concentrations inside a total exhaust 
chemical/biological hood at room temperature according to approved procedures as described 
in Methods.  SM-exposed cells were incubated inside a 370C cell culture incubator overnight 
for 18 hours.  Following this incubation overnight, the cells were lysed in lysis buffer by 
sonication and the caspase-3 substrate AC-DEVD-AMC was added to monitor the kinetics of 
substrate hydrolysis as measured by increase in fluorescence with time.  The cells were 
placed inside the 370C cell culture incubator in between readings.  Percent fluorescence 
increase with time compared with SM-unexposed controls as 100% are shown as mean + 
SEM of eight replicate determinations at each SM concentration.  The absence of SEM bars 
means that the values are too small to be visible.  Statistical significance was defined as p < 
0.05 vs. SM-unexposed control group as described under Methods. 
  
 
 


